Abstract. Monocytes/macrophages are key mediators of wound repair, tissue remodeling, and inflammation. However, the molecular mechanisms underlying macrophage recruitment to the site of inflammation is not fully understood. Leptin acts directly on the hypothalamus, thereby regulating food intake and energy expenditure. The leptin receptor, a single transmembrane protein that belongs to the gp130 family of cytokine receptor superfamily, is expressed not only in the hypothalamus but in a variety of peripheral tissues, suggesting the role of leptin as a pro-inflammatory adipocytokine in peripheral tissues. Here, we show that deficiency of leptin signaling reduces renal macrophage infiltration after unilateral ureteral obstruction (UUO). Bone marrow transplantation studies using leptin signaling-deficient db/db mice revealed that leptin signaling in bone marrow cells may not play a major role in the UUO-induced renal macrophage infiltration. Interestingly, central leptin administration reverses the otherwise reduced UUO-induced renal macrophage infiltration in leptin-deficient ob/ob mice. This is effectively abolished by central co-administration of SHU9119, a melanocortin-3 receptor/melanocortin-4 receptor antagonist. This study demonstrates that central leptin administration in ob/ob mice accelerates renal macrophage infiltration through the melanocortin system, thereby suggesting that the central nervous system, which is inherent to integrate information from throughout the organism, is able to control peripheral inflammation. The Adipose tissue is an important endocrine organ that secretes a large number of adipocytokines; pro-inflammatory cytokines such as monocyte chemoattractant protein-1 (McP-1), tumor necrosis factor-α (TNFα) and anti-inflammatory cytokines such as adiponectin [1, 2] . Leptin is such an adipocytokine with multiple regulatory potentials; it acts directly on the hypothalamus, where it activates the melanocortin system [3, 4] , thereby regulating food intake and energy expenditure [5, 6] . The leptin receptor (ob-r), a single transmembrane protein that belongs to the gp130 family of cytokine receptor superfamily, has several alternatively spliced isoforms [7] , one of which, a biologically active longest isoform or Ob-Rb, is expressed not only in the hypothalamus but in a variety of peripheral tissues including renal parenchymal cells and macrophages [8] . The peripheral actions of leptin include activation of platelet aggregation, modulation of immune functions, and stimulation of vascular endothelial cell proliferation and angiogenesis [9] [10] [11] [12] . These findings, taken together, suggest that leptin acts as a pro-inflammatory adipocytokine in peripheral tissues. Indeed, previous reports have demonstrated that vascular remodeling and neointimal formation are markedly attenuated in leptin-deficient ob/
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The Adipose tissue is an important endocrine organ that secretes a large number of adipocytokines; pro-inflammatory cytokines such as monocyte chemoattractant protein-1 (McP-1), tumor necrosis factor-α (TNFα) and anti-inflammatory cytokines such as adiponectin [1, 2] . Leptin is such an adipocytokine with multiple regulatory potentials; it acts directly on the hypothalamus, where it activates the melanocortin system [3, 4] , thereby regulating food intake and energy expenditure [5, 6] . The leptin receptor (ob-r), a single transmembrane protein that belongs to the gp130 family of cytokine receptor superfamily, has several alternatively spliced isoforms [7] , one of which, a biologically active longest isoform or Ob-Rb, is expressed not only in the hypothalamus but in a variety of peripheral tissues including renal parenchymal cells and macrophages [8] . The peripheral actions of leptin include activation of platelet aggregation, modulation of immune functions, and stimulation of vascular endothelial cell proliferation and angiogenesis [9] [10] [11] [12] . These findings, taken together, suggest that leptin acts as a pro-inflammatory adipocytokine in peripheral tissues. Indeed, previous reports have demonstrated that vascular remodeling and neointimal formation are markedly attenuated in leptin-deficient ob/ River Japan (Kanagawa, Japan). The mice were maintained in a temperature-, humidity-, and light-controlled room (12 h light/dark cycles), allowed free access to water and standard chow (oriental MF, 360 kcal/100g) (Oriental Yeast, Tokyo, Japan) unless otherwise noted. All animal experiments were conducted according to the guidelines of Tokyo Medical and Dental University Committee on Animal Research (No.0080010).
UUO UUO was performed as described previously [19] . Briefly, in mice under pentobarbital anesthesia (30 mg/kg), the middle portion of the right ureter was ligated with 5-0 silk at two points through a midline abdominal incision and cut between the ligatures to prevent retrograde infection. Three to 14 days after the surgery of UUo, mice were euthanized by anesthesia and blood and kidney were sampled.
Leptin infusion experiments
Continuous subcutaneous (s.c.) or intracerebroventricular (i.c.v.) administration of leptin was performed as described [4, 20] . In brief, 3 days before UUO, recombinant mouse leptin (800 ng/h) or an equal volume of vehicle (phosphate-buffered saline or PBS) was started infused into 8-week-old male mice using a micro-osmotic pump (Model 1002; Durect Corporation, Cupertino, CA, USA) implanted in the dorsal s.c. space. For i.c.v. infusion, mice were anesthetized with isoflurane and a cannula was implanted into the lateral ventricle (Brain infusion kit 3; Durect Corporation). The cannula was connected to the micro-osmotic pump (Model 1002) placed in the dorsal subcutaneous space of mice. The rate of delivery was 5 ng/h of leptin and/or 400 ng/h of SHU9119 or vehicle (artificial cerebrospinal fluid or aCSF: 136.89 mM NaCl, 2.95 mM KCl, 1.23 mM MgCl 2 , 1.32 mM CaCl 2 , and 3.55 mM glucose in 0.5 mM phosphate buffer, pH 7.4) [4] . Three days after the i.c.v. cannulation, mice were subjected to UUO.
Food restriction experiments
Four-week-old ob/ob mice were divided into 2 groups; those fed ad lib (ad lib-ob/ob mice) and those provided for 5 weeks with the restricted amount of ob mice and db/db mice with defective Ob-Rb signaling [13, 14] , suggesting that leptin may accelerate the development of vascular injury.
Unilateral ureteral obstruction (UUo) is a widely used experimental model for progressive renal fibrosis that encompasses many aspects of renal diseases, which is considered independent of systemic blood pressure and immune disease [15] . In UUOinduced renal injury, the renal tubular epithelium, in response to the mechanical stress produced by ureteral obstruction, produces a number of chemokines, thereby increasing the recruitment of macrophages [16] . Evidence has supported the role of infiltrated macrophages as a mediator of UUo-induced renal injury in wildtype animal models [17] . For instance, transforming growth factor-β, which is derived at least in part from macrophages, may greatly contribute to the progression of renal fibrosis [18] .
Using UUo as an experimental model system, this study was designed to investigate how leptin is involved in macrophage infiltration into the site of inflammation. Here, we demonstrate that deficiency of leptin signaling reduces renal macrophage infiltration after UUO. Interestingly, central leptin administration in ob/ob mice effectively reverses the otherwise reduced renal macrophage infiltration. Furthermore, this effect of leptin is abolished by central co-administration of SHU9119, a melanocortin-3 receptor (MC3R)/ melanocortin-4 receptor (MC4R) antagonist. The data of these studies suggest that leptin increases renal macrophage infiltration in ob/ob mice through the activation of central melanocortin system, thereby highlighting central regulation of peripheral monocyte/ macrophage function in chronic inflammatory diseases.
Materials and Methods

Materials
all reagents were purchased from sigma-aldrich (St. Louis, MO, USA) or Nacalai Tesque (Kyoto, Japan) unless otherwise noted.
Animals
Eight-week-old C57BL/6J-ob/ob and C57BL/KsJdb/db and their wildtype mice (C57BL/6J and C57BL/ KsJ mice, respectively) were purchased from Charles Rb (Fw: 5'-AGAACGGACACTCTTTGAAGTCTC-3'; Rv: 5'-AACCATAGTTTAGGTTTGTTTC-3'), 36B4 (Fw: 5'-GGCCCTGCACTCTCGCTTTC-3'; Rv: 5'-TGCCAGGACGCGCTTGT-3'). Levels of mRNA were normalized to those of 36B4 mRNA.
Blood glucose, serum leptin and insulin measurements
Blood glucose concentrations were determined by the blood glucose test meter (Glutest PRO R; SanwaKagaku, Nagoya, Japan). Serum leptin and insulin concentrations were determined by a commercially available ELISA kit (R&D Systems (Minneapolis, MN, USA), Morinaga (Tokyo, Japan), respectively).
Statistical analysis
all the experiments were repeated at least 3 times with appropriate controls as indicated. Data are presented as the mean ± se, and P < 0.05 was considered statistically significant. Statistical analysis was performed using a one-way aNoVa followed by the Tukey-kramer test or student's t-test.
Results
Deficiency of leptin signaling reduces UUO-induced renal macrophage infiltration
To investigate the effect of leptin deficiency on renal macrophage infiltration, we performed UUo using 8-week-old male ob/ob mice and wildtype littermates. In this study, ob/ob mice were markedly obese and hyperglycemic relative to wildtype mice (Table  1) . Interstitial macrophage infiltration, as assessed by F4/80 immunostaining, was markedly inhibited in ob/ob mice relative to wildtype mice 2 weeks after the induction of UUO (Fig. 1A) . This is consistent with reduced mrNa expression of macrophage markers (F4/80, CCR2, and CD68) in the kidney of ob/ob mice relative to wildtype mice ( Fig. 1 , B and C). In this study, mrNa expression of chemokines (McP-1, M-csF, and raNTes) was significantly suppressed in ob/ob mice relative to wildtype mice (Fig. 1, B and D). We also found that UUO-induced macrophage infiltration and F4/80 and MCP-1 mRNA expression were suppressed in db/db mice relative to wildtype mice ( Fig. 1 , E and F). These observations, taken tofood (restricted-ob/ob mice) so that the body weight of restricted-ob/ob mice might be comparable to that of ad lib-wildtype mice.
Bone marrow transplantation
Bone marrow transplantation was performed using bone marrow cells from db/db and wildtype mice as described previously [21] . Six-week-old male wildtype mice were used as recipients and lethally irradiated with 8 Gy using a 60 co γ source. Five weeks after the bone marrow transplantation, mice were subjected to UUo for further analysis. The substitution rate of bone marrow transplantation was confirmed by detecting obrb mrNa expression in bone marrow cells of recipient mice using real-time PCR. In this study, the substitution rate of bone marrow transplantation was more than 90% (data not shown).
Histology and immunohistochemistry
Histological analysis was performed as previously described [21] . In brief, paraffin-embedded horizontal kidney sections were immunostained with rat monoclonal anti-mouse F4/80 antibody. Histological analysis was conducted by two observers without knowledge of the origin of the slides.
Quantitative real-time PCR
Total rNa was extracted from the kidney using Sepasol reagent and quantitative real-time PCR was performed with an ABI Prism 7000 Sequence Detection System (Applied Biosystems, Foster City, CA, USA) as described [22] . Primers used in this study were as follows: McP-1 (Fw: 5'-ccacTcaccTGcTGcTacTc AT-3'; Rv: 5'-TGGTGATCCTCTTGTAGCTCTCC-3'), macrophage colony-stimulating factor (M-csF) (Fw: 5'-CCCATATTGCGACACCGAA-3'; Rv: 5'-AAGCAGT AACTGAGCAACGGG-3'), regulated on activation normal T cell expressed and secreted (raNTes) (Fw: 5'-TGCCCACGTCAAGGAGTATTT-3'; Rv: 5'-TCTCTG GGTTGGCACACACTT-3'), F4/80 (Fw: 5'-CTTTGGC TATGGGCTTCCAGTC-3'; Rv: 5'-GCAAGGAGGAC AGAGTTTATCGTG-3'), CD68 (Fw: 5'-CTTCCCACA GGCAGCACAG-3'; Rv: 5'-AATGATGAGAGGCAG caaGaGG-3'), c-c motif chemokine receptor-2 (CCR2) (Fw: 5'-GCTCAACTTGGCCATCTCTGA-3'; Rv: 5'-AGACCCACTCATTTGCAGCATA-3'), Ob-creased significantly body weight, blood glucose concentrations, and serum insulin concentrations relative to vehicle-treated ob/ob mice (Fig. 2, A and B, and data not shown). Serum leptin concentrations increased up to 30 ng/mL (Fig. 2C) , which are roughly comparable to those in markedly obese subjects [23] . Seven days after the induction of UUo, leptin-treated ob/ob mice exhibited significant increases in F4/80 immunostaining and mRNA expression relative to vehicle-treated ob/ob mice (Fig. 2, D and E) . Expression of MCP-1 mRNA tended to be increased in leptin-treated ob/ob mice relagether, indicate that deficiency of leptin signaling reduces renal macrophage infiltration after UUO.
Peripheral leptin administration promotes renal macrophage infiltration in ob/ob mice
To determine the effect of exogenous leptin administration on renal macrophage infiltration after UUo, ob/ob mice were continuously infused with recombinant mouse leptin s.c. using a micro-osmotic pump. continuous administration of leptin in ob/ob mice de- in F4/80 immunostaining and mRNA expression relative to ad lib-ob/ob mice (Fig. 3, C and D) . These observations, taken together, suggest that UUO-induced renal macrophage infiltration is not related to the leptininduced reduction of food intake and body weight.
Leptin does not induce renal macrophage infiltration via Ob-Rb in bone marrow cells
To examine whether leptin regulates renal macrophage infiltration via Ob-Rb expressed in bone marrow-derived cells in vivo, we produced bone marrowspecific Ob-Rb-deficient (Ob-Rb(-) BM) and control (Ob-Rb(+) BM) mice through the bone marrow transplantation technique (Fig. 4A) . There was no appreciable difference in body weight and blood glucose concentrations between Ob-Rb(-) BM and Ob-Rb(+) BM tive to vehicle-treated ob/ob mice, although this apparent effect was not statistically significant (Fig. 2E) .
Food restriction does not promote renal macrophage infiltration in ob/ob mice
exogenous leptin administration in ob/ob mice resulted in the marked weight decrease (Fig. 2A) . To examine the involvement of body weight change in renal macrophage infiltration, we next performed food restriction with 4-week-old ob/ob mice for 5 weeks so that body weight of restricted-ob/ob mice might be comparable to that of ad lib-wildtype mice (Fig. 3A) . Food restriction decreased significantly the blood glucose concentrations in ob/ob mice relative to ad lib-ob/ob mice (Fig. 3B) . Seven days after the induction of UUO, restricted-ob/ob mice exhibited no appreciable difference cose concentrations relative to vehicle-treated ob/ob mice (Fig. 5, A and B) . Serum leptin concentrations were unaffected (Fig. 5C ), suggesting that there is no substantial leakage of exogenous leptin into the systemic circulation. Central administration of leptin induced marked increases in F4/80 immunostaining and mrNa expression in the obstructed kidneys from ob/ob mice (Fig. 5, D and E) . In this study, MCP-1 mrNa expression was unchanged in ob/ob mice that received central leptin administration (Fig. 5E ). These observations, taken together, suggest that leptin affects renal macrophage infiltration via a central mechanism.
There is evidence that satiety effect of leptin is mediated at least partly through the activation of central melanocortin system [3, 4] . To explore the involvement of central melanocortin in renal macrophage infiltration, we examined the effect of central co-administration of leptin and SHU9119 on UUO-induced renal macrophage infiltration in ob/ob mice. Central co-administration of SHU9119 abolished the lepmice (Fig. 4, B and C) . We also found no significant difference in F4/80 and CD68 mRNA expression in the obstructed kidneys between Ob-Rb(-) BM and ObRb(+) BM mice (Fig. 4D ). These observations, taken together, suggest that ob-rb expressed in bone marrow-derived cells (monocytes/macrophages) is not involved in UUO-induced renal macrophage infiltration.
Central leptin signaling regulates renal macrophage infiltration
The biological actions of leptin may be largely mediated through the activation of Ob-Rb expressed in the central nervous system [5] . To address whether leptin regulates macrophage infiltration via a central mechanism, we examined the effect of continuous i.c.v. administration of recombinant mouse leptin on UUoinduced renal macrophage infiltration in ob/ob mice. central administration of leptin in ob/ob mice resulted in marked reduction of body weight and blood glu- with multiple organs or tissues by virtue of a large number of adipocytokines, thereby influencing a variety of physiologic and pathophysiologic conditions [1, 2] . With respect to their inflammatory properties, most adipocytokines may be classified as either proinflammatory or anti-inflammatory. Leptin has been considered as a pro-inflammatory adipocytokine, as 1) leptin itself is structurally related to the interleukin-6 family [24] , 2) ob-rb is a member of the class i cytokine receptor family [5, 25] , 3) like other proinflammatory adipocytokines, adipose tissue expression of leptin is increased during the course of obesity [1] . Indeed, recent evidence has suggested that deficiency of leptin signaling attenuates the development of experimentally-induced inflammatory changes in tin-induced reduction of body weight, blood glucose concentrations, and serum insulin concentrations and leptin-induced increase in rectal temperature in ob/ob mice (Fig. 6, A and B, and data not shown). Moreover, the leptin-induced increase in macrophage infiltration in ob/ob mice was effectively inhibited by co-administration of SHU9119 (Fig. 6, C and D) . These observations, taken together, suggest that the central melanocortin system is involved in leptin-induced renal macrophage infiltration.
discussion
The adipose tissue is capable of communicating there is in vitro evidence showing that leptin can activate inflammatory pathways in a variety of cell types [12, 29, 30] . Thus, our data do not rule out the possibility that leptin acts directly on the kidney to induce inflammatory responses after UUO. This study demonstrates that central co-administration of leptin and SHU9119, a non-selective MC3R/ MC4R antagonist, reverses leptin-induced renal macrophage infiltration in ob/ob mice. These observations suggest that central melanocortin signaling contributes to the leptin-induced renal macrophage infiltration in ob/ob mice after UUO. This is in contrast to a recent observation that central regulation of bone metabolism is not mediated through central melanocortin signaling [31] . Importantly, there is no significant difference in F4/80 immunostaining and mRNA expression between MC4R-deficient and wildtype mice, suggesting that Mc4r does not play a dominant role in renal macrophage infiltration (Tanaka et al. unpublished observations). In this regard, Ellacott et al. have shown that obesity-induced adipose tissue inflammation (increased macrophage infiltration and elevated expression of pro-inflammatory adipocytokines) is attenuated in obese MC3R-deficient mice relative to wildtype mice, which is in contrast with those in obese Mc4r-deficient mice [32] . We, therefore, postulate that leptin administration in ob/ob mice increases renal macrophage infiltration via non-MC4R, possibly MC3R, in the central nervous system. On the other hand, it has been reported that melanocortin peptides such as α-melanocyte-stimulating hormone (α-Msh) and γ-MSH have anti-inflammatory activity in vivo and in vitro [33, 34] . Since MC3R is expressed in a variety of central and peripheral tissues including monocytes/ macrophages [35] , future studies with mice with selective disruption of MC3R in hypothalamic neurons or a selective MC3R antagonist would provide insight into the role of central Mc3r in the leptin-induced peripheral inflammation.
How the central nervous system regulates peripheral inflammatory status still remains to be elucidated. It is known that central leptin signaling can regulate body weight and glucose and lipid metabolism via both humoral and neural mechanisms. Because monocyte/macrophage mobilization from the bone marrow into the site of inflammation is regulated through a complex interaction among multiple chemokines and chemokine receptors, it is important to know how chemokine-chemokine receptor interacrodents [13, 14, 26] . Here, we examined the effect of leptin on macrophage infiltration into the kidneys, using UUO as an experimental model system.
In this study, we demonstrated that leptin deficiency reduced UUo-induced renal macrophage infiltration into the kidneys in leptin-deficient ob/ob mice. We also found that UUo-induced macrophage infiltration was attenuated in ob-rb-deficient db/db mice. These observations suggest that leptin accelerates UUO-induced renal macrophage infiltration in ob/ob mice largely through Ob-Rb. This is reminiscent of the marked attenuation of vascular remodeling and neointimal formation in ob/ob and db/db mice [13, 14] . Furthermore, thioacetamide-induced hepatic fibrosis is also suppressed in Zucker fatty fa/fa rats with leptin signaling defect as a result of leptin receptor missense mutation [26] . On the other hand, there is a report showing that UUo-induced renal infiltration of lymphocytes, rather than that of macrophages, is significantly reduced in ob/ob and db/db mice [27] . The reason for distinct impact of leptin signaling defect on renal macrophage infiltration is currently unclear. Nevertheless, the above discussion supports the concept that leptin acts as a pro-inflammatory adipocytokine in vivo, thereby suggesting that the adipose tissue can modulate the inflammatory status throughout the body.
Given the ubiquitous distribution of Ob-Rb, it is important to differentiate central vs. peripheral sites of action of leptin in vivo. Previous studies with mice with selective deletion of leptin receptor in hypothalamic neurons have demonstrated that central leptin receptors are essential for the regulation of food intake and energy expenditure [28] . However, whether central leptin signaling is involved in its pro-inflammatory effect in vivo has never been addressed. In this study, we demonstrate that central administration of leptin reverses the otherwise reduced UUO-induced macrophage infiltration in ob/ob mice. This study represents the first demonstration that leptin is capable of inducing peripheral inflammation via a central mechanism. Indeed, studies with bone marrow-specific leptin receptor-deficient mice revealed that leptin signaling in bone marrow-derived cells does not play a major role in leptin-induced renal macrophage infiltration. We also found no inflammatory responses in cultured renal tubular epithelial cells and macrophages treated with recombinant mouse leptin in vitro (Tanaka et al. unpublished observations). On the other hand, development in wildtype mice. In this regard, it is interesting to note that leptin administration can regulate bone metabolism in both ob/ob and wildtype mice [31] . Further studies are needed to understand the mechanism underlying the differential effect of leptin on peripheral inflammation in ob/ob and wildtype mice.
in conclusion, this study demonstrates that central leptin administration in ob/ob mice accelerates renal macrophage infiltration through the melanocortin system, thereby highlighting the role for the central nervous system in the regulation of peripheral macrophage function. The data of this study also suggest that the central nervous system, which is inherent to integrate information from throughout the organism, may control the peripheral inflammatory status. tion is affected by the central nervous system. In this study, we observed that UUO-induced renal MCP-1 mRNA expression was significantly attenuated in ob/ ob mice, which was not reversed by central leptin administration. Nevertheless, central leptin administration reversed the otherwise reduced UUO-induced renal macrophage infiltration in ob/ob mice, suggesting the modulation of monocyte/macrophage function by central leptin signaling. This concept is supported by our preliminary data with a matrigel plug assay that increased macrophage migration by formyl-methionyl-leucyl-phenylalanine, a synthetic chemoattractant, is reduced in ob/ob mice relative to wildtype mice, which is partly reversed by central leptin administration (Tanaka et al. unpublished data). Recent evidence has suggested the role of neuronal network in the regulation of energy expenditure and renal function [36, 37] . Further studies with renal denervation and neuron-specific melanocortin receptor deletion would be helpful to explore the downstream mechanism specific for the regulation of peripheral inflammation.
in this study, we demonstrate that leptin increases UUO-induced renal macrophage infiltration in ob/ ob mice via a central mechanism. Interestingly, we also found that continuous i.c.v. leptin administration to wildtype mice did not affect renal expression of F4/80 and MCP-1 mRNAs relative to aCSF-administered wildtype mice 7 days after the induction of UUo (Tanaka et al. unpublished observations). This is reminiscent of the effect of leptin on the development of B lymphocytes [38] ; leptin administration in ob/ob mice increased the otherwise reduced number of B lymphocytes, whereas it failed to affect B lymphocyte
